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Abstract
Retrospective clonal analysis in the mouse has demonstrated that the posterior
spinal cord neurectoderm and paraxial mesoderm share a common bipotent
progenitor. These neuromesodermal progenitors (NMPs) are the source of new
axial structures during embryonic rostrocaudal axis elongation and are marked
by the simultaneous co-expression of the transcription factors T(Brachyury)
(T(Bra)) and Sox2. NMP-like cells have recently been derived from pluripotent
stem cells  following combined stimulation of Wnt and fibroblast growthin vitro
factor (FGF) signaling. Under these conditions the majority of cultures consist
of T(Bra)/Sox2 co-expressing cells after 48-72 hours of differentiation. Although
the capacity of these cells to generate posterior neural and paraxial mesoderm
derivatives has been demonstrated at the population level, it is unknown
whether a single -derived NMP can give rise to both neural andin vitro
mesodermal cells. Here we demonstrate that T(Bra) positive cells obtained
from mouse epiblast stem cells (EpiSCs) after culture in NMP-inducing
conditions can generate both neural and mesodermal clones. This finding
suggests that, similar to their embryonic counterparts, -derived NMPsin vitro
are truly bipotent and can thus be exploited as a model for studying the
molecular basis of developmental cell fate decisions.
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Introduction
Axis elongation in vertebrate embryos proceeds in a rostral-to-caudal 
sequence and involves the coordinated production of spinal cord 
neurectoderm and paraxial mesoderm/somites from a population 
of neuromesodermal progenitors (NMPs) (for a review see 1). 
The bipotent status of these axial stem cells was demonstrated in 
the mouse by retrospective clonal analysis2. NM-potent cells are 
located in the node-streak border and the adjacent caudal lateral 
epiblast of early somite stage embryos and in the chordoneural 
hinge (CNH) region of the tail bud of later stage embryos3–5 i.e. in 
areas exhibiting high levels of Wnt and FGF signaling1. The main 
hallmark of these cells is the co-expression of the mesodermal tran-
scription factor T (Bra) together with the neural marker Sox26–9. 
NMPs are not only an excellent model for deciphering the mecha-
nisms controlling cell fate choice (neuroectoderm vs mesoderm), 
but also comprise an attractive source for generating trunk spinal 
cord neurectoderm cells and skeletal muscle in vitro.
We and others have recently shown that mouse and human pluripo-
tent stem cells cultured for 48–72 hours in the presence of FGF2 
and the Wnt signaling agonist CHIRON99021 (CHIR) yield a high 
percentage of T(Bra)+Sox2+ double-positive cells that transcription-
ally resemble embryonic NMPs10,11. These NMP-like cells were 
also shown to efficiently differentiate exclusively into paraxial 
mesoderm and posterior neurectoderm both in vitro and in vivo 
upon grafting into cultured mouse and chick embryos10 suggesting 
an NM bipotent character. However, these studies were carried out 
at the population level and it would thus be important to test the 
NM potency of single cells. Here we address this issue by showing, 
through the clonal plating of T(Bra)+ cells generated after culture of 
epiblast stem cells (EpiSCs)12,13 in NMP-inducing conditions, that 
individual in vitro-derived NMPs are truly bipotent as they give rise 
to colonies consisting of both neural and mesodermal cells.
Methods
Cell culture, differentiation and flow cytometry
T(Bra)-green fluorescent protein (GFP) reporter (TGFP) EpiSCs 
were derived from TGFP embryonic stem (ES) cells (sourced from 
14) and cultured routinely in fibronectin-treated plates in N2B27 
medium containing 10 ng/ml FGF2 (R&D Systems) and 20 ng/ml 
Activin A (Peprotech) as previously described in 15. For NMP dif-
ferentiation TGFP EpiSCs were plated at a density of approximately 
1500–2000/cm2 in N2B27 medium containing 20 ng/ml FGF2 and 
3 µM CHIRON99021 (Stemgent) on fibronectin for 48–72 hrs10. For 
clonal plating experiments in vitro-derived NMPs were pre-treated 
with 10 µM ROCK inhibitor Y-27632 (Calbiochem) for 1 hr prior 
to fluorescence-activated cell sorting (FACS). After this they were 
re-plated at a density of 4,000 cells/well in 12-well plates in medium 
containing either FGF2, or FGF2/CHIR alongside Y-27632 for the 
first 8 hours. We have previously found that when 1:1 mixtures of 
GFP+ and GFP- EpiSCs are plated at a total of 5,000 cells/well in 
12-well plates (or 10,000 cells/well in 6-well plates) then 95% of 
the resulting colonies between 2–8 cells are of monoclonal origin. 
Here we also included for scoring colonies of up to 10 cells since 
we employ a smaller initial plating density (4,000 cells/well)6. For 
non-clonal plating of in vitro-derived NMPs, approximately 40,000 
cells/well (12-well plate) were used. Cell sorting was performed 
using a FACSAria (BD Biosciences).
Immunocytochemistry and microscopy
For immunocytochemistry cells were fixed with 4% paraformal-
dehyde, washed with PBS/0.1% Triton X-100 (PBST), treated 
with 0.5 M Glycine and blocked in PBST/3% donkey serum/7.5% 
bovine serum albumin (BSA). Primary antibody incubations were 
performed overnight at 4°C, followed by PBST washes the follow-
ing day, incubation with secondary donkey Alexafluor antibodies 
(Life Technologies) for 2–3 hrs at room temperature and further 
washes in PBST. The primary antibodies used were: donkey poly-
clonal anti-T(Bra), 1 µg/ml (RRID: R&D Systems Cat# AF2085 
RRID:AB_2200235), rabbit monoclonal anti-Sox2, 0.5 µg/ml 
(RRID: Abcam Cat# ab92494 RRID:AB_10585428) and goat pol-
yclonal anti-Tbx6, 0.5 µg/ml (RRID: R&D Systems Cat# AF4744 
RRID:AB_2200834). Fluorescent images were captured using an 
Olympus IX51 inverted microscope (Olympus) using a x20 objec-
tive and the Volocity software (PerkinElmer). Nuclear segmentation 
followed by single cell fluorescence quantification was performed 
as described previously16. T(Bra) and Sox2 protein positivity 
scoring of individual clones was carried out manually.
Results
To track the emergence of NMPs in vitro we employed a T(Bra) 
reporter EpiSC line (TGFP) generated from ES cells carrying a GFP 
transgene knocked into the T(Bra) locus14. This reporter line has 
been shown to faithfully recapitulate endogenous T(Bra) expres-
sion. In line with our previous findings10, culture of TGFP EpiSCs 
in the presence of FGF2/CHIR for 48 or 72 hours gave rise to a sig-
nificant number of TGFP+ cells, many of which were also positive 
for Sox2 expression (55% of the total TGFP+ population at 48 hours 
and 65% at 72 hours) as revealed by antibody staining and image 
analysis (Figure 1). Interestingly, TGFP+Sox2+ cells appeared in 
“patches” and not in a “salt and pepper” manner, possibly reflecting 
our previous findings on the mutually exclusive emergence of dis-
tinct mesodermal precursors from a heterogeneous starting EpiSC 
population (6) or non-synchronous generation of NMP-like cells 
in vitro. In summary, these results indicate that at least half of the 
TGFP+ cells emerging in the presence of FGF2/CHIR are NMP-like 
and thus we used TGFP expression under these conditions to enrich 
for cells with NMP identity.
We have previously found that prolonged (i.e. more than 72 hours) 
culture in FGF2/CHIR mediates further differentiation of NMPs 
into mutually exclusive paraxial mesoderm and neurectoderm 
cells10. Therefore apart from promoting an NMP state these 
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conditions simultaneously provide an environment for the produc-
tion of the natural differentiation products of NMPs. We thus uti-
lized culture in FGF2/CHIR in order to test the NM potency of 
TGFP+ NMPs at the population level. TGFP EpiSCs were cultured 
in NMP-promoting conditions for 48 hours and the resulting GFP+ 
cells were sorted by flow cytometry and re-plated at high density for 
a further 48–72 hours in the presence of FGF2/CHIR (Figure 2A). 
We have previously shown that under these conditions hardly 
any pluripotent cells persist in the differentiating cultures as evi-
denced by analysis of Nanog/Oct4 expression and grafting into the 
pluripotency-permissive environment of cultured E7.5 embryos10. 
Immunofluorescence analysis of the final cultures showed that 
sorted TGFP+ cells generated predominantly mutually exclusive 
single T(Bra) positive mesoderm and single Sox2+ neurectoderm 
(Figure 2B). The cultures also contained clusters of Tbx6+ cells 
which were distinct from the T(Bra)+ and Sox2+ domains (Figure 2B) 
and, since this gene uniquely marks emergent paraxial mesoderm, 
these cells probably arose from the T(Bra)-expressing population. 
Together these data confirm that the TGFP-expressing cells pro-
duced in NMP inducing conditions possess the ability to generate 
both neural and mesodermal cells upon further differentiation.
We next examined the behaviour of TGFP+ NMPs at the single 
cell level. TFGP+ cells induced after 48 or 72 hrs of FGF2/CHIR 
treatment were flow sorted (purity >99%) and re-plated at clonal 
density in FGF2/CHIR-containing medium (Figure 3A,B). After 
48 hours the resulting colonies were analysed by immunofluores-
cence and categorized based on their composition (Figure 3C). 
Figure 1. Left: Fluorescence analysis of TGFP and Sox2 expression in TGFP EpiSCs cultured for 48 hours in FGF2/CHIR following antibody 
staining against Sox2. Right: Quantification of TGFP+Sox2+ and TGFP+Sox2- expressing cells in TGFP EpiSCs differentiated in NMP-inducing 
conditions after 2 (d2) or 3 (d3) days following immunocytochemistry and image analysis. Magnified versions of the areas marked by a white 
box are shown in the bottom panel.
Figure 2. (A) Scheme depicting the differentiation and re-plating of in vitro induced NMPs at high density after flow sorting. (B) Fluorescence 
analysis and immunocytochemistry of TGFP, Sox2 and Tbx6 expression of in vitro-derived NMPs sorted at day 2 of differentiation and 
re-plated at high density in the presence of FGF2/CHIR for 2 days. In all cases cell nuclei were visualized using DAPI. IF: immunofluorescence. 
Magnified versions of the areas marked by a white box are shown in the bottom panel.
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Figure 3. (A) Scheme depicting the differentiation and re-plating of in vitro induced NMPs at clonal density after flow sorting. (B) FACS plots 
depicting analysis of TGFP expression in day 3 FGF2/CHIR-treated TGFP EpiSCs (middle). The purity of the GFP+ sorted population and a 
negative control (wild-type EpiSCs) are also shown. (C) Representative examples of the clones obtained after culture of single sorted TGFP+ 
NMPs in FGF2/CHIR medium following immunofluorescence analysis of T(Bra) and Sox2 expression. The colour-coded bars on the right 
correspond to the scoring groups shown at the top of panel 3D. (D–E) Composition of colonies obtained after clonal plating of TGFP+ NMPs 
sorted at day 2 (D) or day 3 (E) for a further 48 hrs in FGF2/CHIR or FGF2 only. The cell number of each clone (in x axis) is shown in the y axis. 
Colour codes: Sox2+: single Sox2+ cells; T+: single T+ cells; Sox2+T+: Double positive cells; Sox2-T-cells: double negative cells; T+ mixed 
with Sox2+: clones consisting of single T(Bra)+ cells mixed with single Sox2+ cells; T+/Sox2+ mixed with T-Sox2-: clones consisting of single 
T(Bra)+ or single Sox2+ cells mixed with double negative cells. Pie charts: percentages of different classes of clones representing groups of 
the colour-coded phenotypes described above. Total numbers of clones scored are shown below each pie chart.
Strikingly, most (55–60% of total) clones obtained from both 
day 2 and day 3 FGF2/CHIR-induced TGFP+ cells were com-
posed exclusively of single Sox2+ neurectodermal cells indicating 
a strong neurogenic capacity (Figure 3D,E). The proportion 
of single Sox2+ colonies was significantly enhanced to 76% 
(p value<0.05 based on a two-tailed z test) with a concomitant 
decrease in the proportion of T(Bra)+ cells when isolated single 
TGFP+ cells produced after 2 days in FGF2/CHIR medium were 
re-plated in the presence of FGF2 alone for 48 hrs prior to clone 
scoring (Figure 3D) confirming the pro-mesodermal effect of Wnt 
activity on NMPs8,10. We also observed purely mesodermal clones 
consisting of T(Bra)+ cells which were particularly prominent in 
the case of sorted day two TGFP+ NMPs (Figure 3D,E). These 
data suggest that many in vitro-derived NMP cells are biased by the 
signaling environment towards unilinear differentiation into either 
neurectoderm or mesoderm. However, we did observe clones which 
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comprised combinations of single positive T(Bra)+ and Sox2+ cells 
(9% for day 2 and 12% for day 3 TGFP+ NMPs) and were thus 
indicative of neuromesodermal potency. A few clones were found 
to contain only T(Bra)+Sox2+ double positive cells (Figure 3D,E) 
possibly reflecting NMP self-renewal. Finally, a small number 
of colonies were composed only of T(Bra)-Sox2- negative cells 
(Figure 3D,E) which may represent more differentiated NMP 
derivatives such as spinal cord cells or mesodermal lineages other 
than paraxial (e.g. lateral/ventral) derived from sorted TGFP+Sox2- 
cells. Interestingly, we detected no Tbx6+ cells present in the clones 
(Representative, raw images shown in Dataset 5) despite their pres-
ence in cultures derived from sorted day 2 FGF2/CHIR-induced 
TGFP+ cells plated at high density under the same conditions. This 
suggests that the presumed maturation of T(Bra)+ cells into Tbx6-
positive paraxial mesoderm depends on paracrine (e.g. FGF)17 or 
juxtacrine (e.g. Notch)18 signaling effects which are absent from the 
low density, clonally-derived cultures.
Supplementary data for ‘Assessing the bipotency of in vitro-
derived neuromesodermal progenitors’
5 Data Files
http://dx.doi.org/10.6084/m9.figshare.1371001
Discussion
The production of axial tissues during embryonic elongation is 
driven by posteriorly-located progenitors emerging round the end of 
gastrulation. A long-standing question in the field has been whether 
this cell population represents a mixture of separate unipotent neu-
ral and mesoderm-committed precursors or consists of bipotent 
progenitors. Genetic marking of single cells and their derivatives 
using the LaacZ system in mouse embryos shed light on this prob-
lem by revealing that spinal cord neurectoderm and paraxial meso-
derm originate from bipotent neuromesodermal progenitors2. These 
NMPs have also recently been captured in vitro through the culture 
of pluripotent stem cells in Wnt and FGF signaling agonists10,11. 
However, the bipotent status of these cells had not been previously 
demonstrated at the clonal level. Here we show that single in vitro-
derived NMPs can give rise to mixed clones containing both neu-
ral (Sox2+T(Bra)-) and mesodermal (Sox2-T(Bra)+) cells, a finding 
which indicates that FGF2/CHIR-induced cultures contain bona 
fide NM bipotent cells.
Interestingly, a considerable fraction of individual sorted NMPs 
produced exclusively neurectodermal or mesodermal clones sug-
gesting that a proportion of the Sox2+T(Bra)+ cells induced from 
EpiSCs after 2–3 days in the presence of FGF2/CHIR may already 
be biased towards adopting a neural or mesodermal fate under con-
ditions promoting both lineages. This may be a reflection of hetero-
geneity in the relative levels of Sox2 and T(Bra) protein/transcript 
within the in vitro-derived Sox2+T(Bra)+ population with double-
positive cells exhibiting higher levels of Sox2 showing a pro-neural 
bias while T(Bra)High cells are predisposed to mesoderm differen-
tiation. Indeed such heterogeneity in Sox2 and T(Bra) levels (as 
well as other mesodermal and neural transcripts) has been shown 
by single cell transcriptomic analysis of mouse ES cell-derived 
cultures resembling our in vitro-generated NMPs11. Nevertheless, 
the clonal-based assay we employed here establishes bipotency of 
in vitro-derived NMPs and reveals the responsiveness of individual 
cells to environmental signals.
Data availability
Figshare: Supplementary data for ‘Assessing the bipotency of 
in vitro-derived neuromesodermal progenitors’ doi: 10.6084/
m9.figshare.137100119 
Author contributions
AT designed and performed experiments. AT, VW prepared the 
manuscript. All authors have agreed to the final content of the 
manuscript.
Competing interests
No competing interests were disclosed.
Grant information
This study was supported by the Medical Research Council 
(MR/K011200). 
I confirm that the funders had no role in study design, data collection 
and analysis, decision to publish, or preparation of the manuscript. 
Acknowledgments
We wish to thank Fiona Rossi and Clair Cryer (MRC Centre for 
Regenerative Medicine FACS facility) for their assistance with flow 
cytometry.
References
1. Wilson V, Olivera-Martinez I, Storey KG: Stem cells, signals and vertebrate body 
axis extension. Development. 2009; 136(10): 1591–1604.  
PubMed Abstract | Publisher Full Text 
2. Tzouanacou E, Wegener A, Wymeersch FJ, et al.: Redefining the progression of 
lineage segregations during mammalian embryogenesis by clonal analysis. 
Dev Cell. 2009; 17(3): 365–376.  
PubMed Abstract | Publisher Full Text 
3. Cambray N, Wilson V: Two distinct sources for a population of maturing axial 
progenitors. Development. 2007; 134(15): 2829–2840.  
PubMed Abstract | Publisher Full Text 
4. Cambray N, Wilson V: Axial progenitors with extensive potency are localised 
to the mouse chordoneural hinge. Development. 2002; 129(20): 4855–4866. 
PubMed Abstract 
5. McGrew MJ, Sherman A, Lillico SG, et al.: Localised axial progenitor cell 
Page 6 of 17
F1000Research 2015, 4:100 Last updated: 09 SEP 2015
populations in the avian tail bud are not committed to a posterior Hox identity. 
Development. 2008; 135(13): 2289–2299.  
PubMed Abstract | Publisher Full Text 
6. Tsakiridis A, Huang Y, Blin G, et al.: Distinct Wnt-driven primitive streak-like 
populations reflect in vivo lineage precursors. Development. 2014; 141(6): 
1209–1221.  
PubMed Abstract | Publisher Full Text | Free Full Text 
7. Olivera-Martinez I, Harada H, Halley PA, et al.: Loss of FGF-dependent 
mesoderm identity and rise of endogenous retinoid signalling determine 
cessation of body axis elongation. PLoS Biol. 2012; 10(10): e1001415.  
PubMed Abstract | Publisher Full Text | Free Full Text 
8. Martin BL, Kimelman D: Canonical Wnt signaling dynamically controls multiple 
stem cell fate decisions during vertebrate body formation. Dev Cell. 2012; 
22(1): 223–232.  
PubMed Abstract | Publisher Full Text | Free Full Text 
9. Delfino-Machin M, Lunn JS, Breitkreuz DN, et al.: Specification and maintenance 
of the spinal cord stem zone. Development. 2005; 132(19): 4273–4283.  
PubMed Abstract | Publisher Full Text 
10. Gouti M, Tsakiridis A, Wymeersch FJ, et al.: In vitro generation of neuromesodermal 
progenitors reveals distinct roles for Wnt signalling in the specification of 
spinal cord and paraxial mesoderm identity. PLoS Biol. 2014; 12(8): e1001937.  
PubMed Abstract | Publisher Full Text | Free Full Text 
11. Turner DA, Hayward PC, Baillie-Johnson P, et al.: Wnt/β-catenin and FGF 
signalling direct the specification and maintenance of a neuromesodermal 
axial progenitor in ensembles of mouse embryonic stem cells. Development. 
2014; 141(22): 4243–4253.  
PubMed Abstract | Publisher Full Text | Free Full Text 
12. Brons IG, Smithers LE, Trotter MW, et al.: Derivation of pluripotent epiblast stem 
cells from mammalian embryos. Nature. 2007; 448(7150): 191–195.  
PubMed Abstract | Publisher Full Text 
13. Tesar PJ, Chenoweth JG, Brook FA, et al.: New cell lines from mouse epiblast 
share defining features with human embryonic stem cells. Nature. 2007; 
448(7150): 196–199.  
PubMed Abstract | Publisher Full Text 
14. Fehling HJ, Lacaud G, Kubo A, et al.: Tracking mesoderm induction and its 
specification to the hemangioblast during embryonic stem cell differentiation. 
Development. 2003; 130(17): 4217–4227.  
PubMed Abstract | Publisher Full Text 
15. Guo G, Yang J, Nichols J, et al.: Klf4 reverts developmentally programmed 
restriction of ground state pluripotency. Development. 2009; 136(7): 
1063–1069. 
PubMed Abstract | Publisher Full Text | Free Full Text 
16. Osorno R, Tsakiridis A, Wong F, et al.: The developmental dismantling of 
pluripotency is reversed by ectopic Oct4 expression. Development. 2012; 
139(13): 2288–2298.  
PubMed Abstract | Publisher Full Text | Free Full Text 
17. Ciruna B, Rossant J: FGF signaling regulates mesoderm cell fate specification 
and morphogenetic movement at the primitive streak. Dev Cell. 2001; 1(1): 
37–49.  
PubMed Abstract | Publisher Full Text 
18. White PH, Farkas DR, Chapman DL: Regulation of Tbx6 expression by Notch 
signaling Genesis. 2005; 42(2): 61–70.  
PubMed Abstract | Publisher Full Text 
19. Tsakiridis A, Wilson V: Supplementary data for ‘Assessing the bipotency of 
in vitro-derived neuromesodermal progenitors’. Figshare. 2015.  
Data Source
Page 7 of 17
F1000Research 2015, 4:100 Last updated: 09 SEP 2015
F1000Research
Open Peer Review
   Current Referee Status:
Version 2
 03 August 2015Referee Report
doi:10.5256/f1000research.7383.r9743
 Patrick P. L. Tam
Embryology Unit, Children's Medical Research Institute, Sydney, NSW, Australia
The responses and revisions have addressed the concerns adequately, except for:
3. (d) This is an after-thought argument, as one may not know before the experiments that these markers
are not co-expressed in the cells of interest. While it turned out the experimental strategy has not
produced any major confounding outcome, it would be prudent to perform the expression analysis using
different fluorescent reporters initially.
3. (g) Data of the missing experiment would have enhanced the merit of this study on the differences in
clonal types..
I have read this submission. I believe that I have an appropriate level of expertise to confirm that
it is of an acceptable scientific standard.
 No competing interests were disclosed.Competing Interests:
Version 1
 12 May 2015Referee Report
doi:10.5256/f1000research.6803.r8552
,  Kate G. Storey Laure Verrier
Division of Cell and Developmental Biology, College of Life Sciences, University of Dundee, Dundee, UK
Following a study on the differentiation of dual-fated Neuromesodermal Progenitors (NMPs) at the
population level, Tsakiridis and Wilson describe here the ability of a single NMP cell to generate both
neural and mesodermal derivatives. Using T(Bra)-GFP expressing EpiSCs, the authors performed a
clonal analysis of NMP differentiation driven by a FGF2/CHIR regime. They show that single T(Bra)-GFP
expressing cells can generate both mesodermal T(Bra)-GFP and neural Sox2 expressing cells in the
same clone. This main finding demonstrates the neuromesodermal bipotency of in vitro derived NMP at
the single cell level, recapitulating the behaviour of NMPs as identified by retrospective clonal analysis in
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Overall, the experiments presented are well designed and the results are carefully analyzed. However,
the paper would benefit from improvement of specific points.
 
Main comments:
 
Methods
The authors should comment on the use of the ROCK inhibitor Y-27632 in their protocol for cell
sorting and during subsequent plating at low density.
Experimental approaches
 Figure 2 describes the co-appearance of distinct T(Bra)  and Sox2  cells from an NMP population
treated by FGF2/CHIR as a way to induce simultaneously neural and mesodermal lineages. Why
did the authors not perform neural and mesodermal differentiation in parallel using two distinct
protocols?
 
 In this study, we are dependent on the previous finding that cells plated at low density give rise
mainly (95%) to monoclonal colonies in the time frame of the experiment. It would be reassuring
here if the authors had demonstrated that sorted individual T-GFP +ve cells were also Sox2
co-expressing at the time of plating – even if this required immuno-cytochemistry, it would at least
establish the proportion of bra/sox2 co-expressing cells in the starting conditions.
 
Does the negative control in Fig3B represent WT EpiSCs treated with the FGF2/CHIR regime, or
are they just undifferentiated cells? A good negative control would be to analyse T(Bra)-GFP
undifferentiated EpiSCs as they will have the same genetic background as the NMPs analyzed
later but won’t express T(Bra). This control should be included as well.
 
Figure 3C shows clones of various sizes in terms of cell number. Can the size of the clone have an
impact on cell lineage identity? It would be good to standardize the analysis by looking at the
different expression patterns in colonies with comparable cell numbers.
 
Figure 3D and E, the authors comment on the appearance of T(Bra)/Sox2 double negative
colonies, and suggest that they are likely to represent further differentiated derivatives. The authors
should address this by looking at other neural and mesodermal markers, such as Pax6 or Sox1
and Paraxis. It would be very informative to know what those cells become. Indeed, the suggestion
that a higher density of cells is needed for paraxial mesoderm differentiation might indicate that
those negative clones are not mesodermal derivatives.
Minor comments:
In figure 1, the authors describe the establishment of an NMP population. Using a FGF2/CHIR
differentiation protocol, they only obtain around 38% of T(Bra)-GFP/Sox2 coexpression, with maximum
60% of T(Bra)+ cells in the whole population. However, other studies show up to 80% of coexpression in
the same conditions. The authors should comment on that.
 
Figure 2B: the figure legend should indicate “all nuclei” instead of “ell nuclei”.
 
The legend for figure 3 (D-E) is confusing and should be clarified.
We have read this submission. We believe that we have an appropriate level of expertise to
+ +
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confirm that it is of an acceptable scientific standard, however we have significant reservations,
as outlined above.
 No competing interests were disclosed.Competing Interests:
Author Response 23 Jul 2015
, University of Edinburgh (Subscriptions), UKAnestis Tsakiridis
We would like to thank all three reviewers both for their positive comments and constructive
suggestions which improved significantly the quality of our manuscript. Our responses below are
shown in italics while reviewer comments are in bold.
Main comments:
 
Methods
The authors should comment on the use of the ROCK inhibitor Y-27632 in their
protocol for cell sorting and during subsequent plating at low density.
The ROCK inhibitor Y-27632 is a well-established reagent in human embryonic (hES) and
epiblast stem cell (EpiSC) culture used to enhance survival of single cells (Watanabe et al.,
) and thus we routinely employ it in FACS sorting experiments as a means of2007
counteracting dissociation-induced apoptosis.
Experimental approaches
Figure 2 describes the co-appearance of distinct T(Bra)  and Sox2  cells from an
NMP population treated by FGF2/CHIR as a way to induce simultaneously neural
and mesodermal lineages. Why did the authors not perform neural and mesodermal
differentiation in parallel using two distinct protocols?
Clonal analysis is required because pluripotent stem cell differentiation is never 100%
efficient at the population level. We thus aimed to assess the ability of single NMP cells to
generate both neural and mesodermal derivatives at the same time using conditions
promoting the simultaneous emergence of both lineages (i.e. FGF/CHIR treatment). 
 
In this study, we are dependent on the previous finding that cells plated at low
density give rise mainly (95%) to monoclonal colonies in the time frame of the
experiment. It would be reassuring here if the authors had demonstrated that sorted
individual T-GFP +ve cells were also Sox2 co-expressing at the time of plating –
even if this required immuno-cytochemistry, it would at least establish the
proportion of bra/sox2 co-expressing cells in the starting conditions.
We agree that ideally the extent of T(Bra)/Sox2 co-expression should be assessed at the
time of low density plating. However, in our opinion, its determination can only be achieved
using a T/Sox2 double reporter cell line. The alternative option suggested by the reviewers
involving the use of immunocytochemistry would be technically challenging given that
freshly sorted and plated TGFP+ cells require a few hours to attach properly thus precluding
antibody staining at the very start of the experiment. 
 
Does the negative control in Fig3B represent WT EpiSCs treated with the
+ +
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Does the negative control in Fig3B represent WT EpiSCs treated with the
FGF2/CHIR regime, or are they just undifferentiated cells? A good negative control
would be to analyse T(Bra)-GFP undifferentiated EpiSCs as they will have the same
genetic background as the NMPs analyzed later but won’t express T(Bra). This
control should be included as well.
The control used in Fig. 3B was indeed differentiated E14tg2a EpiSCs. This is the same
genetic background as the TGFP+ ES cells (E14.1, 129/Ola; ) we usedFehling et al., 2003
to derive the EpiSC line employed in this study. It is not possible to utilize undifferentiated
TGFP EpiSCs as a negative control for FACS as they also express significant levels of both
T(BRA) protein and the TGFP reporter under self-renewing conditions (i.e. in FGF2 and
Activin A) in line with previous reports ( ; ).Tsakiridis et al., 2014 Kurek et al., 2015
 
Figure 3C shows clones of various sizes in terms of cell number. Can the size of the
clone have an impact on cell lineage identity? It would be good to standardize the
analysis by looking at the different expression patterns in colonies with comparable
cell numbers.
Splitting the data in Fig. 3C-D based on clone size would be a good way to decipher a link
between colony cell number and lineage identity acquisition, a possibility which is indeed
very interesting. However, this type of representation would be more suitable for a larger
dataset. Our clone numbers are too small to support any solid conclusions on this issue and
we believe that the representation we opted for is the best way to illustrate graphically both
parameters (i.e. clone size and lineage composition). We will be happy to incorporate any
specific suggestions and or/consider alternative ways of depicting the results.
 
Figure 3D and E, the authors comment on the appearance of T(Bra)/Sox2 double
negative colonies, and suggest that they are likely to represent further
differentiated derivatives. The authors should address this by looking at other
neural and mesodermal markers, such as Pax6 or Sox1 and Paraxis. It would be
very informative to know what those cells become. Indeed, the suggestion that a
higher density of cells is needed for paraxial mesoderm differentiation might
indicate that those negative clones are not mesodermal derivatives.
This is a good point which deserves further investigation. Our preliminary data indicate that
T(Bra) Sox2  colonies are also negative for Sox1. However, a thorough analysis of these
clones will require significant effort and is beyond the scope of this short research note. We
have added a sentence in the last paragraph of the results section raising the possibility that
double negative clones may also comprise differentiated derivatives of single sorted TGFP
Sox2  cells which are probably precursors of mesodermal cell types other than paraxial, also
emerging upon culture in FGF2/CHIR.
Minor comments:
In figure 1, the authors describe the establishment of an NMP population. Using a
FGF2/CHIR differentiation protocol, they only obtain around 38% of T(Bra)-GFP/Sox2
coexpression, with maximum 60% of T(Bra)+ cells in the whole population. However,
other studies show up to 80% of coexpression in the same conditions. The authors should
comment on that.
- -
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Line-to-line variation in terms of differentiation potential is a common phenomenon in pluripotent
stem cell cultures (e.g. see ) and in our hands we also observe some variationOsafune et al., 2008
between different EpiSC lines both in terms of the extent of induction of NMP-like cells upon culture
in FGF2/CHIR as well as the timing of their emergence. The lower numbers of T(Bra) Sox2
double positive cells we observed in this study when compared to the high efficiency of induction
exhibited by the in vivo derived EpiSC line R04-GFP ( ) is an example of suchGouti et al., 2014
variation. One interesting possibility is raised by the fact that the T(Bra) reporter line we employ
here contains a GFP cassette knocked into the first exon of the T(Bra) gene ( ).Fehliing et al., 2003
The resulting heterozygosity may lead to lower efficiency of T(Bra) Sox2  cell generation.
Figure 2B: the figure legend should indicate “all nuclei” instead of “ell nuclei”.
We cannot locate the phrase the reviewers are referring to. The exact figure legend wording in Fig.
2B is “In all cases cell nuclei were visualized using DAPI”. 
The legend for figure 3 (D-E) is confusing and should be clarified.
 We have addressed this point in the new version.
 No competing interests were disclosed.Competing Interests:
 12 May 2015Referee Report
doi:10.5256/f1000research.6803.r8488
 Jacqueline Deschamps
Developmental Biology and Stem Cell Research, Hubrecht Institute, Utrecht, Netherlands
Tsakiridis and Wilson present the evidence that single cells from a neuromesodermal axial progenitor
(NMP) population produced from mouse epiblast stem cells (EpiSCs) can give rise to both neuralin vitro 
and mesodermal cell descendants, and are therefore truly bipotent.
In earlier work they had demonstrated the existence of NMPs in the posterior aspect of the developing
early somite embryos, and characterized these NMPs as being T Brachyury/Sox2 double positive. In
more recent experiments they and others succeeded in defining high Wnt and high Fgf signaling
conditions to culture EpiSCs into a cell population wherein more than half the cells are NMP-like. 
However, it remained to be proven that an individual NMP-like cell expressing both T Brachyury and Sox2
is able to generate neural derivatives (expressing exclusively Sox2), and mesodermal derivatives
(expressing exclusively T Brachyury). It is what the authors achieved in this report, by elegantly making
use of EpiSCs derived from T Bra Gfp transgenic embryos. By fluorescence activated cell sorting applied
to these EpiSCs cultured in NMP-promoting conditions, they could purify the T Bra positive NMPs and
analyze their clonal descendants. They clearly obtained neural and mesodermal descendants from single
NMP clones, and could demonstrate that the environmental culture conditions influence the bias of
individual NMPs to differentiate into cells with a neural versus mesodermal fate.
The experiments are well designed and executed. The methods are well described, and the results are
clear, thoroughly analyzed and discussed appropriately. The data in this manuscript convey a clear
message that represents an advance in the field.
I have read this submission. I believe that I have an appropriate level of expertise to confirm that
+ +
+ +
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I have read this submission. I believe that I have an appropriate level of expertise to confirm that
it is of an acceptable scientific standard.
 No competing interests were disclosed.Competing Interests:
 07 May 2015Referee Report
doi:10.5256/f1000research.6803.r8486
,  Patrick P. L. Tam Pierre Osteil
Embryology Unit, Children's Medical Research Institute, Sydney, NSW, Australia
This study on the differentiation of single NMP progenitors generated by FGF2/CHIR treatment of EpiSC
is a sequel to the previous study on lineage differentiation of these cells at the population level.  Findings
of this study are consistent with the assertion that individual T /Sox2  cells are likely to possess dual
potential for differentiation into mesoderm (T  only) and neuroectodermal (Sox2  only) cells. This
provides the requisite experimental evidence that some cells may have acquire the attributes ofin vitro 
the bipotent NMPs, which are presumed to exist in the node-streak interface and the chordoneural hinges
in vivo.
Issues to be clarified:
Inconsistency of experimental data
Data shown in Fig 3D indicates that T  clones contain 2 and 4 cells (the majority) with a few having
up to 6 cells.  The example of T ve clone shown in Fig 3C contains at least 9 cells. This result is not
included the dataset of Fig 3D (Day 2 sorted) or E (Day 3 sorted). Were all or only subsets of
clones scored for these clonal culture experiments?
 
Quality of the image data
a. It is difficult to discern the co-expression, or otherwise, of T-GFP and Sox2 in individual cells at
the resolution of Fig 1 and 2. 
b. It appears that cells with mixed gene expression are only found in some colonies (Fig 1), rather
than in a salt and pepper manner in every colony. This may require an explanation in the context of
clonal development. 
c. It can be confusing when different colour schemes were used to show the fluorescence results,
e.g. T-GFP signals are shown variously in green (Fig 1), white (Fig 2B) and red (Fig 3C), and Sox2
is shown in red (Fig 1) and green (Fig 2B, 3C), rather than red (which is for Tbx6, Fig 2B). Given
that the FGF2/CHIR treated cells were sorted based on GFP activity, T-GFP signal should
consistently be displayed- in green for all figures.
 
Additional data / information may help:
a. While it is plausible that the Tbx6  cells might be descendents of the mesoderm progenitor, the
results do not unequivocally show that they are derived from the T ve cells.
b. What is the evidence for that T /Sox2  cells (which also did not expressing Tbx6) were “more
+ +
+ +
+
+
+
+
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b. What is the evidence for that T /Sox2  cells (which also did not expressing Tbx6) were “more
differentiated” NMP derivatives?
c. Absence of Tbx6 cells in low density culture is an intriguing result.  Is there any precedence that
the differentiation of Tbx6-expressing cells is dependent on any “paracrine” signals?
d. Were the Sox2 and Tbx6 immunofluorescence signals captured in emission channel other than
for green fluorescence? If not, would the IF results for these two markers be confounded by the
T-GFP background?
e. Which are the examples of two types of mixed clones in the legend (“T  mixed with Sox2 ” and
“T /Sox  with T /Sox2 “) in the FGF2/CHIR and FGF experiments (Fig. 3D)?
f. The bottom panel of Fig 3C: The “T /Sox2  mixed with T /Sox2 ” clone showed no T /Sox2  cells
among the four cells in this figure.
g. Is there any difference in the clonal types between “Sorted at D2-IF at D4” and “Sorted at D3-IF
at Day 5 FGF2/CHIR” groups? What is the rationale for testing the effect of an extended culture to
Day 3 before sorting, and was there a parallel culture of “FGF2 only” to Day 3?
We have read this submission. We believe that we have an appropriate level of expertise to
confirm that it is of an acceptable scientific standard, however we have significant reservations,
as outlined above.
 No competing interests were disclosed.Competing Interests:
Author Response 23 Jul 2015
, University of Edinburgh (Subscriptions), UKAnestis Tsakiridis
Our responses below are shown in italics while reviewer comments are in bold.
Issues to be clarified:
Inconsistency of experimental data
Data shown in Fig 3D indicates that T+ clones contain 2 and 4 cells (the majority)
with a few having up to 6 cells.  The example of T+ve clone shown in Fig 3C
contains at least 9 cells. This result is not included the dataset of Fig 3D (Day 2
sorted) or E (Day 3 sorted). Were all or only subsets of clones scored for these
clonal culture experiments?
We wish to thank the reviewers for spotting the mistake. All clone examples shown in Fig.
3C are taken from the culture experiments described in this study and are included in the
scoring graphs in Fig. 3D-E. The T(Bra)+Sox2- clone the reviewers are referring to was
mistakenly shown in Fig. 3E as consisting of 7 instead of 9 cells. We have rectified the
mistake in the new version (3rd clone from the left, depicted in green). We also re-examined
all data and found two further errors:
(1) a T(Bra)+Sox2+ double positive clone (also shown as an example in Fig. 3C, top row)
was accidentally omitted from the top graph in Fig. 3D
- -
+ +
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(2)a 3-cell clone in the same graph was wrongly depicted as containing two Sox2+ cells and
a double negative instead of two Sox2+ cells and a T(Bra)+ cell.
These changes have now been incorporated into the new figure version and the data is now
correct to the best of our knowledge. We would like to apologise for these errors.
 
Quality of the image data
a. It is difficult to discern the co-expression, or otherwise, of T-GFP and Sox2 in
individual cells at the resolution of Fig 1 and 2. 
We have now included higher magnification images in figures 1 and 2 to address this issue.
b. It appears that cells with mixed gene expression are only found in some colonies
(Fig 1), rather than in a salt and pepper manner in every colony. This may require an
explanation in the context of clonal development.
This is an intriguing observation supporting the idea that NMPs segregate separately from
other mesodermal/neural precursors emerging simultaneously in culture conditions
promoting a late primitive streak-like environment. It is likely to reflect the fact that the
starting EpiSC population is heterogeneous in self-renewing conditions, consisting of cells
with differential capacity to generate separate distinct lineages. For example we have
previously reported that T(Bra)+Sox2+ and T(Bra)+Foxa2+ mesodermal precursors emerge
in a mutually exclusive manner after Wnt signaling stimulation of EpiSCs (Tsakiridis et al.,
). It may also be true that the generation of NMP-like, T(Bra)+Sox2+ cells is2014
non-synchronous. We have added a sentence in the first paragraph of the results section to
comment on this.
c. It can be confusing when different colour schemes were used to show the
fluorescence results, e.g. T-GFP signals are shown variously in green (Fig 1), white
(Fig 2B) and red (Fig 3C), and Sox2 is shown in red (Fig 1) and green (Fig 2B, 3C),
rather than red (which is for Tbx6, Fig 2B). Given that the FGF2/CHIR treated cells
were sorted based on GFP activity, T-GFP signal should consistently be displayed-
in green for all figures.
We have adopted the reviewers’ recommendation and in the new figure versions T(Bra)
expression appears in green while Sox2 is depicted in the red.
 
Additional data / information may help:
a. While it is plausible that the Tbx6+ cells might be descendents of the mesoderm
progenitor, the results do not unequivocally show that they are derived from the
T+ve cells.
We agree that the data presented here do not show directly that Tbx6+ cells are derived
from T(Bra)+ cells. To indicate this we added the word “presumed” before the sentence:
“maturation of T(Bra)+ cells into Tbx6-positive paraxial mesoderm” at the end of the Results
section. However, we believe that our hypothesis is reasonable since it is based on
published studies demonstrating that a considerable fraction of paraxial mesoderm arises
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published studies demonstrating that a considerable fraction of paraxial mesoderm arises
from T(Bra)+ late primitive streak precursors (e.g. ; Anderson et al. 2013 Cambray and
).Wilson, 2007
b. What is the evidence for that T-/Sox2- cells (which also did not expressing Tbx6)
were “more differentiated” NMP derivatives?
We are interested in characterizing further the T-/Sox2- clones (see also our response to
Referees 1 above). We speculate that these are differentiated NMP-derivatives based on
the observation that EpiSCs generating NMPs do not (as far as we can tell) lose Sox2
expression during that process and thus its subsequent loss is likely to indicate further
differentiation to downstream NMP products. However, in the absence of any solid data on
this point we decided to tone down our statements and expand our hypotheses:
1) We modified our statement related to the double negative clones (last paragraph of
results section) by replacing the phrase “are likely to represent” with “may represent”
2) We raised the alternative possibility that these clones may arise from sorted single
T(Bra)+ mesodermal precursors.
c. Absence of Tbx6 cells in low density culture is an intriguing result.  Is there any
precedence that the differentiation of Tbx6-expressing cells is dependent on any
“paracrine” signals?
Emergence of Tbx6+ cells is likely to depend on FGF signaling (Ciruna and Rossant, 2001
)-we have now incorporated this possibility into the text together with the speculation that
Notch-based regulation of Tbx6 transcription may also be critical for cell density effects (
).We have also shown previously that paracrine Wnt signaling promotesWhite et al., 2005
pioneer T(Bra)+ mesodermal precursors in EpiSCs cultured in self-renewal conditions (
).Tsakiridis et al., 2014
d. Were the Sox2 and Tbx6 immunofluorescence signals captured in emission
channel other than for green fluorescence? If not, would the IF results for these two
markers be confounded by the T-GFP background?
We find this possibility unlikely especially since the Sox2+, Tbx6+ and TGFP+ expression
domains shown in Fig. 2 were in most cases mutually exclusive from each other and very
few or no double or triple positive cells (which could potentially represent a background
artefact) were observed.
e. Which are the examples of two types of mixed clones in the legend (“T+ mixed
with Sox2+” and “T+/Sox+ with T-/Sox2-“) in the FGF2/CHIR and FGF experiments
(Fig. 3D)?
The class of clones defined as “T+ mixed with Sox2+” refers to colonies containing T(Bra)+
single positive cells mixed with Sox2+ single positive cells (example shown in the 5th row in
Fig. 3C) while the group defined as “T+/Sox+ mixed with T-Sox2- “ describes clones
containing T(Bra)+ OR Sox2+ single positive cells mixed with double negatives (example
shown in bottom row in Fig. 3C). We would like to apologise for the lack of clarity. We tried
to address this issue by making the legend of Fig. 3D-E more detailed.
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to address this issue by making the legend of Fig. 3D-E more detailed.
f. The bottom panel of Fig 3C: The “T+/Sox2+ mixed with T-/Sox2-” clone showed no
T+/Sox2+ cells among the four cells in this figure.
We use the slash (“/”) to indicate “OR” (see our response directly above). Again we
apologise for the confusion.
g. Is there any difference in the clonal types between “Sorted at D2-IF at D4” and
“Sorted at D3-IF at Day 5 FGF2/CHIR” groups? What is the rationale for testing the
effect of an extended culture to Day 3 before sorting, and was there a parallel
culture of “FGF2 only”to Day 3?
We observed a significant number of T(Bra)+Sox2+ cells both at 48 and 72 hrs of culture in
FGF2/CHIR and thus we wished to examine whether these two populations are equivalent
in their capacity to clonally generate both neural and mesodermal cells. Since the goal was
to compare these two populations, we did not carry out an experiment involving a 3 day
culture FGF2 prior to sorting and re-plating.
 No competing interests were disclosed.Competing Interests:
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